The control of human neuropeptide gene expression during vasopressin (VP) and V P mRNA in human hypothalamus development is poorly understood. Many of the neuropeptide was studied using combined immunocytochemistry (ICC) genes including the VP gene have been cloned and have been for VP-neurophysin I1 and in situ hybridization (ISH) for used extensively for ISH studies in animals. With slight modifi-V P mRNA. Routine formalin-fixed autopsy material was cations, these techniques can be adapted for use in human used from 22 cases ranging in age from 18 wk of gestation autopsy tissue for the examination of gene expression associated to 21 yr. VP-neurophysin I1 immunoreactive cells were with development of physiologic function (I), or disease procdetected in the supraoptic, accessory supraoptic, and par-esses. ISH combined with ICC allows the simultaneous assessaventricular nuclei of all brains examined. The average ment of both message content and the level of peptide expression size of the immunocytochemically labeled cells increased that can be correlated with fundamental stages of neuroendocrine until birth and remained constant thereafter. V P mRNA cell development such as 1 ) the development of the necessary was first detected in cells a t 21 wk gestation; 3 wk after subcellular organelles for mRNA and peptide synthesis. 2) the the first detectable V P by ICC. After 27 wk of gestation, development of neurosecretory terminal endings that secrete the consistent and strong signals were obtained from the spec-peptide, and 3) innervation of the cell by regulatory neurons for imens that were double-labeled for both immunoreactive synaptic control of VP cell activity. VP-neurophysin I1 and V P mRNA. Three populations of Previous developmental studies in mice and rats utilizing ICC double-labeled cells were identified: type I, intensely pos-and RIA have indicated that VP can be detected soon after itive for both ISH and ICC (most magnocellular neurons); migration is complete (E 1 3.5-16) but is more plentiful by E 17-type 2, positive for I S H and weak or negative for ICC (rare 18 (2-5). The earliest detectable VP may represent precursor and generally found in younger fetuses), and type 3, positive forms of the peptide, because the fully processed form of the for ICC and weak or negative for ISH (mostly scattered in peptide is not present until El6 (6). ISH studies have detected accessory nuclei). Thus, double-labeling techniques can be VP mRNA as early as El6 (7). The ability of the cell to produce routinely used on frozen or paraffin sections of human VP precedes the development of neurosecretory terminals in the autopsy material for the simultaneous assessment of both neural lobe of the pituitary, which in rats begins at approximately message and peptide. In the human fetus, the relatively El8 ( 2 , 4, 6) and progresses to near-adult levels by PN30 (4. 6).
late appearance of adult-like levels of V P mRNA in the Although VP mRNA is a necessary precursor for VP peptide magnocellular neuroendocrine cells suggests an association synthesis, the above experiments and our recent experiments on with the development of functional synaptic interactions in adult rats (8) suggest that many neurons may not express signifthis system. (Pediatr Res 33: [152] [153] [154] [155] [156] [157] [158] 1993) icant amounts of message until an appropriate stimulus triggers secretion of peptide by the cells. By analogy, it might be expected Abbreviations that VP mRNA expression is low during development until the neurosecretory terminals are formed and release capability is E, embryonic day established.
ICC, immunocytochemistry
The limited data available for humans suggest that the VP ISH, in situ hybridization histochemistry neuroendocrine system appears very early in development. Neu-NP, neurophysin rophysin and VP immunoreactivity are first seen during the 1 Ith SON, supraoptic nucleus WG (9) . Neuron number stabilizes by the 16th WG. and peptide PVN, paraventricular nucleus content continues to increase rapidly through the 2nd trimester PN, postnatal day (10) until birth (9) . Once VP content reaches maturity, it remains SON-acc, accessory S O N stable throughout life (1 I human postmortem brain (I). Our studies establish combined ISH and ICC as a reliable method for the evaluation of human a gift from Dr. K. Dierickx (13, 14). The two oligonucleotide hypothalamus and demonstrate the early development of the VP probes were synthesized locally: human VP-I (HVP-I ISH. The oligonucleotide probes were labeled to a sp act of 1 to 3 x IOU cpm/pg by the addition of ['251]deoxycytidine triphosphate to the 3' end using terminal deoxynucleotide transferase. The labeled probe was then hybridized to frozen or deparaffinized, rehydrated sections using the following protocol.
Deparaffinized, rehydrated paraffin sections were permeabilized two times for 30 min each in 0.01 M PBS (pH 7.4) containing 0.3% Triton X-100 (Sigma) for I h at room temperature followed by incubation for 1 h at 44°C in hybridization buffer (Solution A: 2 mL I M Tris, pH 8.0; 12 mL 20 x SSC: 0.4 mL 0.5 M EDTA, pH 7.0; 2.4 mL sterile deionized water; 0.8 mL 25 x Denhardt's; 1 g dextran sulfate. Solution B: 0.1 % salmon sperm DNA in 100% deionized formamide. Five mL of solution A is boiled, cooled on ice, and mixed with 5 mL of solution B to form buffer). Slides were drained, and 100 pL of freshly prepared hybridization buffer containing 0.5 to 1 x lo6 cpm [1251]deoxycytidine triphosphate-labeled oligonucleotide was applied. The sections were covered with coverslips and incubated 30 to 48 h at 44°C in a humidified chamber. Sections were washed at 44°C in 4 x SSC, 4 x 30 min; 2 x SSC. 2 x 30 min: and 0.2 x SSC. 30 min. For double-labeling with ICC and ISH. the ICC staining procedure was begun immediately after the last wash. Finally. slides were dehydrated for 2 rnin each in 50. 95. and 100% ethanol, each containing 0.33 M ammonium acetate followed by pure 100% ethanol.
After drying approximately 2 h. slides were dipped in NTB-2 (Kodak, Rochester, NY) nuclear track emulsion at 42°C diluted I:l with distilled water. Slides were exposed 2 wk and then developed in D-19, washed, and fixed. Sections were counterstained with Giemsa or methyl green. dehydrated in a graded ethanol series, cleared in xylene, and coverslipped with Permount.
The specificity of the hybridization to VP mRNA was assessed by comparing hybridization of the VP probe in vasopressinergic magnocellular neurons with: 1) hybridization to the VP probe to cells of comparable size in adjacent regions, and 2) hybridization of a randomer probe or a probe to a non-CNS peptide to the VP magnocellular neurons. In addition, histologic sections that were predigested by RNAse A (40 pg/mL. Sigma) for 30 min before hybridization or sections that were prehybridized with a 50-fold excess of unlabeled probe showed no specific labeling above background (not shown).
Data unu1y.si.v. Silver grain densities over individual VP neu- rons in the SON, SON-acc, and PVN were evaluated at a magnification of 3 7 5~ under reflected polarized light with a Bioquant Meg M image analysis system. In addition, the brightened image was used in conjunction with the reflected polarized light to visualize the Giemsa or immunocytochemically stained cells for measurement of cell area. Using these two measurements for each cell, the mean number of silver grainslrm2 was automatically calculated for each cell, and the mean silver grain density per cell was calculated for each brain. Measurements of cells from the hypothalamus of several cases within each age range were pooled to provide the most representative sample possible.
RESULTS
Histologic sections from various regions of the CNS processed for routine neuropathology were unremarkable except for case 5 , which showed a small amount of intraventricular hemorrhage.
Immunoreactive VP-NP I1 was detected in all 22 specimens included in this study. although at 18 WG, staining was often weak. At 18 WG, the magnocellular nuclei were already well formed with an adult-like pattern (Fig. l a ) except for the relatively large size of SON-acc, although at this stage magnocellular neurons were difficult to identify reliably on Nissl-stained sections because of the immature shape of each cell (Fig. I b and c) . The most strongly stained VP cells (Fig. Ib) were found in the SON-acc and PVN. In the SON, most cells were stained more lightly (Fig. Ic) . This difference was consistently observed in all the cases examined, although the difference was less obvious in specimens from older patients. The intensity of immunoreactivity in the neuroendocrine cells increased rapidly with development (not illustrated). In addition, the size of VP-NP immunoreactive cells continued to increase slowly with development (Fig. 2) .
ISH. VP mRNA was detectable in all cases from 2 1 WG (Fig.  3 ) to 2 1 y of age. As illustrated in Figure 4 , the average cellular A shift to the right in the curves reflects an increase in the cell areas.
hybridization signal ( g r a i n~/~m ' ) stabilized at a constant value after 30 WG and was easy to detect. At younger ages ( 5 2 1 WG). fetal brains showed consistently high background (c.g. Fig. 4 . control) and we were unable to detect reliable specific hybridization with our method. The brain from a fetus less than 2 1 WG is usually soft and edematous due to greater interstitial fluid.
This increased interstitial fluid could contribute to the high ISH background. We have used the HVP-I and the HVP-2 probes alone and together to improve sensitivity but could not identify neurons with VP-mRNA labeling above the high background labeling encountered in fetal brain less than 2 1 WG. At 21 WG. specific hybridization was first detectable but was low relative to older fetuses. Labeling of the suprachiasmatic nucleus and other brain regions with low VP mRNA abundance was observed in older fetuses, further confirming the sensitivity of the oligonucleotide probes used in these studies. Postmortem periods of 9 to 22 h before fixation had no detectable effect on the hybridization signal intensity. In addition, similar results were obtained from frozen sections and sections from paraffin blocks of autopsy files kept for more than I y.
Douhlr-labeling with ICC and ISII. Neurons positive for both ICC and ISH were detectable from 27 WG. However, the intensity of the ICC that was obtained with double-labeling at this age was weaker than with ICC alone. In specimens from the fullterm infant. double-labeling provided intense signals comparable to ISH or ICC alone (Fig. 5) .
With the double-labeling method, three single-cell staining patterns were present: type I , intensely positive for both ISH and ICC: tjpe 2. positive for ISH and weak or negative for ICC; and tjpc 3, positive for ICC and weak or negative for ISH. At young ages, the ventrolateral SON consistently showed the second staining pattern. The third pattern was seen in the majority of neurons of the SON-acc and a few neurons of the PVN and the dorsomedial SON. A comparison of the frequency distribution of single-cell silver grain densities from the SON to that of the PVN in the mature hypothalamus ( I 4 y) is illustrated in Figure  6 . The density of labeling was almost identical in VP cells found in both regions, indicating similar VP mRNA production in the adult SON and PVN. Average specific single-cell silver grain densities resulting from the hybridization of the HVP-I probe to VP mRNA in cells from the SON or PVN at different ages. Large non-VP cells were also sampled as controls and illustrate total nonspecific silver grain densities, which were subtracted to give silver grain densities specific for VP mRNA. Hybridization of the probe is equivalent in the SON and PVN at all ages except in the 2 l-wkold fetus. which had a higher background and a much lower level of labeling.
DISCUSSION
VP mRNA is below the detection threshold. Between 2 1 and 28
The measurement of mRNA content in individual cells by ISH histochemistry provides a powerful tool for the assessment of gene expression in human fetal and adult autopsy material. In combination with ICC, both peptide and message levels can be evaluated in the same cell to given an indication of the peptide content and peptide synthesis in the cells at the time of death. The present study demonstrates the applicability of simultaneous double-labeling by ICC and ISH for VP and VP mRNA in routine paraffin blocks of human fetal and adult hypothalamus.
The presence of immunoreactive VP in the human fetal hypothalamus and within terminal endings in the neural lobe of the pituitary has been described as early as 8.5-1 1 WG (9, 15) . The presence of VP peptide early in development indicates that VP mRNA is transcribed and translated well before the establishment of functional synaptic interactions. The significance of this early appearance is not known, although it has been suggested that VP may have an early trophic function (6) . The content of VP increases rapidly between 10 and 24 WG (9, 10) correlating in time with the first appearance of neurosecretory endings in the neural lobe at 10 to 1 1 WG ( 1 5).
In the rat, where the development of the magnocellular neuroendocrine system has been investigated more thoroughly, the appearance of VP at E 16 (1-5) (approximately 1-2 d after migration is complete) is followed sequentially by a gradual innervation of the neural lobe starting at E18-19 (2, 5) . the appearance of catecholaminergic synapses at E2 1-birth (4, lo), the ability to respond to osmotic stimuli at E 19-PN 1 (7, 16) , full water balance regulation by PN 14-18 ( 17) , and the appearance of adult-like cellular characteristics by PN14-2 1 (3, 5) . If development of the human VP neuroendocrine system follows a similar pattern, the development of organelles and related biochemistry for VP mRNA transcription and translation would be followed by development of terminal endings for secretion of VP and establishment of synaptic innervation of the VP cells. Before 21 WG, small amounts of VP are detectable by ICC, although WG, both steady state VP content and VP mRNA levels begin to rise until, after 27 WG, both VP and VP mRNA were plentiful in the magnocellular neurons. These changes are accompanied by an increase in cell size, suggesting that the cells are still maturing functionally during this period. Although our results could be interpreted as indicating an absence of brain VP mRNA. before 21 WG, the presence of VP by ICC indicates that some VP mRNA translation has occurred. The low values for specific hybridization early in development can be attributed to some extent to the higher level of background in tissue from the young fetus. More sensitive methods for detection might detect significant, albeit very low, levels of VP mRNA. The use of multiple simultaneous oligonucleotide probes in our studies, however, did not improve our detection of VP mRNA in fetal brain from the fetus younger than 21 WG. In these studies, we have not used R N A~~O~~S , another technique that may improve ISH sensitivity. Another possible explanation for undetectable VP mRNA is that VP mRNA may be less stable postmortem in the young fetuses. However, our present data on postmortem intervals do not support the possibility that VP mRNA is less stable postmortem in the young fetus. Furthermore, Arai et 01. (18) have shown only minimal loss of VP ISH labeling in rat hypothalamic nuclei of rat brain left at room temperature for 8 h before fixation. Thus, the late development of detectable VP mRNA suggests that steady state levels of message are very low early in development and may not increase until the appearance of functional synaptic mechanisms for release of VP. Even in adult tissue, a proportion of the VP neuroendocrine cells do not express significant mRNA until conditions are presented that stimulate VP secretion (8) . A previous study of human postmortem brain has shown that adult postmortem brain does show neuronal VP mRNA hybridization densities that correlate with antemortern hydration ( I).
The identification of three populations of VP neurons after 27 WG underscores the importance of both ISH and ICC for analysis of the cells. Most cells are strongly positive for both VP and VP mRNA and do not differ significantly from cells sampled from the mature CNS. However, at all ages, we observed some cells that contained immunoreactive VP but no VP mRNA. Other studies of brain peptides in human autopsy material also have reported neurons or regions of the brain that either had weak ISH labeling but prominent immunoreactivity or the converse (19, 20) . Such observations may indicate that mRNA production is a dynamic process that normally may fluctuate between low and high levels in the same cell. This conclusion is consistent with our observations in normal rat SON (8) as well as in the ISH study using human autopsy material reported by Rance and Young (21) . In that study, they compared ISH of substance P and neurokinin B in the same neuronal populations of brain sections from premenopausal and postmenopausal women. The authors found that the most prominent change in the hypothalamus of the brains of postmenopausal women was an increased "density" of neurons labeled for the substance P and neurokinin B. These authors, then, noted more neurons labeled by ISH in the postmenopausal women than in premenopausal women, possibly by "recruitment" of additional neurons (21) . This finding is quite similar to the increased number of ISH-labeled neurons we have found in the PVN of the brain from dehydrated rats when compared with the PVN from hydrated rats (8) .
Our studies and the study of Rivkees el al.
(1) demonstrate
